Bipedal locomotion requires an automatic process for rhythmic motor generation, as well as volitional and precise motor control for purposeful action. The neural substrates for these two distinct locomotion controls in humans are still unclear. This functional magnetic resonance imaging (MRI) study investigated the neural activity of the locomotor-related brain regions along with participants lower limb behavior. Participants lay face-up in the MRI bore and moved their legs up and down at the knees under two conditions. Under the non-obstacle condition, they moved their legs while watching a point-of-view video that showed walking straight along a corridor at a constant speed. On the other hand, under the obstacle condition, the point-of-view video showed walking while avoiding obstacles in the passage. Two white markers were pasted on the soles of the participants feet and images were captured by a video camera throughout the experiment to track the participants lower limb movements. The horizontal uctuation of lower limb movement was extracted of ine. We assumed that the horizontal uctuation re ected participants volitional behavior of lower limb movement. The results showed that the obstacle condition elicited greater uctuation of lower limb movement compared to the non-obstacle condition, and elicited brain activation in wider areas including the parietal and occipital lobes compared to the non-obstacle condition. The involvement of the parietal and occipital lobes in volitional control is consistent with ndings of previous animal studies. In a correlation analysis between the signal change extracted from the locomotor-related cortical/subcortical regions and the horizontal uctuation of the feet, activities in the cortical motor areas (primary motor cortex, premotor cortex, and supplementary motor area) showed weak but signi cant correlation with the uctuation of lower limb movement. Activities in the cerebellar and mesencephalic locomotor regions showed no signi cant correlation, but almost constant activation irrespective of uctuation of the lower limbs. These results suggest that the parietal, occipital cortices, and cortical motor areas are involved in volitional control.
Introduction
Human locomotion is fundamental to generating goal-directed behavior to support various life activities [1] . Although the behavioral and mechanical aspects of bipedal locomotion have been widely investigated in previous studies, the neural mechanisms of human bipedal locomotor function is not suf ciently understood. The motor generation/regulation functions of locomotion are known to recruit various locomotion-related regions and networks in the brain, including the cortical and subcortical areas [2, 3] . Regions in the deep brain, such as the basal ganglia and brain stem, also play important roles in locomotion [4, 5] . Therefore, appropriate measurement methods of activities from deep brain regions are necessary for understanding the neural mechanisms of locomotion. Magnetic resonance imaging (MRI) is one of the non-invasive methods that can be used for this purpose. However, a crucial shortcoming of this method is that volunteers usually lie on the bed during scanning, which makes it dif cult for them to perform locomotion control. Some recent studies have reported neural correlates of locomotion and postural control using tasks involving mental imagery [5] [6] [7] . Another study has shown that slight lower limb movement in the MRI system also induces activity in the locomotor-related brain areas [8] . However, detailed mechanisms of locomotion control in the brain in humans remain unclear.
Bipedal locomotion has two distinct aspects from the viewpoint of consciousness [1] . One is an automatic process of rhythmic motor generation, which primarily allows movement from point to point. The other is volitional control driven by cognitive processes. This control allows precise lower limb control and achievement of purposeful movement, and is therefore important for the selection of routes to avoid obstacles. Emotion also works as a trigger to initiate locomotion in struggle and escape behaviors. Ordinarily, individuals move in accordance with the automatic process, and at the same time intentionally control their locomotion behavior using volitional control.
The neural mechanisms of these controls have been proposed based on animal studies and study of impaired locomotion in humans [1] . The automatic process is assumed to be supported primarily by the neural system in subcortical regions and the cer-ebellum, and volitional control by the cortical areas. In emotional reactions, the limbic system is crucial for triggering locomotion. However, because of insuf cient neuroscience studies on human locomotion, the neural substrates of these mechanisms are still unclear. As preliminary studies, we previously investigated the brain activity under the two controls [9, 10] , but the relations between neural activities and participants behavior remained unclear.
This study therefore aimed to investigate the neural correlates of automatic and volitional controls of lower limb movement in human subjects. We instructed the participants to move their legs inside the MRI bore, and measured their brain activities and lower limb behaviors. One condition involved watching a video depicting walking straight along a corridor at a constant speed, and another walking while avoiding obstacles in the passage. We assumed that the latter condition would induce relatively larger uctuation of lower limb movement than the former condition, and investigated the correlation between brain activities in the locomotor-related cortical/subcortical regions and horizontal uctuation of the feet. This design may be able to illustrate the two distinct lower limb control processes, and thus allows understanding of the neural mechanism of locomotion in greater detail.
Methods

Participants
Sixteen right-handed men (mean age 23.1 years, SD = 3.9) participated in this study. Data analysis described below revealed that the head movement of one participant during the experiment was large (> 3 mm). We excluded this participant from data analysis. All participants signed an informed consent form approved by the Committee of Medical Ethics, Graduate School of Medicine, Hokkaido University.
Experimental procedure
The participants were instructed to move their legs up and down at the knees inside the MRI bore. During the movement, a pointof-view video of 5 s (Fig. 1 ) depicting passage along a corridor at a constant speed was presented on a screen, and they were required to look the video in a mirror mounted on the head coil while moving their legs. In addition, to further control the speed of their leg movements, a metronome sound (100 ms length with 10 ms rise and fall times, ISI of 500 ms) was presented through a headset. A 900-Hz pure tone was the signal to start and stop the movement, and a 450-Hz pure tone was the signal for the individual steps. The walking speed of the point-of-view video was approximately the same as the speed depicted by the metronome sound. Prior to the experiment, the participants thoroughly practiced their tasks.
A sparse image acquisition protocol [11] with a 7-s delay was used to minimize movement-related artifacts. The participants were instructed to perform movement tasks during the non-scanning periods and to stop before the next scan. The video was presented 5 s during the 7-s non-scanning period. To minimize head movement of the participants induced by the tasks, their heads and bodies were xed to the MRI bed using several belts. Cushions were placed in the space between the headset and the head coil. A triangular cushion was placed under the participant s knees, and soft blankets were put under the ankles. Two white markers were pasted on the soles of participants feet and images were captured by a video camera throughout the experiment to track their lower limb movement (Fig. 2 ).
There were two task conditions and one resting condition in this experiment. Under the non-obstacle condition, the presented video depicted walking straight along a corridor at a constant speed. Under the obstacle condition, the video depicted walking while avoiding obstacles in the passage. Six videos were prepared for each condition (total 12 videos), one of which was randomly presented during each task period. The supplementary les show examples of videos for the obstacle and non-obstacle conditions. Regardless of the condition, we instructed the participants to synchronize their leg movements with the rhythm that was presented through the headset while they were watching the video. During the resting condition, they did not move their legs and merely looked at a xed point on the screen.
Four experimental runs were performed for each participant, and each run had eight blocks: two were assigned to a task under obstacle condition, two for a task under non-obstacle condition, and the remaining four under resting condition. A single task 
Fig. 2
Experimental setup and the ow of analysis. The white markers were pasted on the soles of the feet and were captured by a video camera (left). The horizontal movement was extracted of ine (middle) and was used for correlation analysis with brain activity (right).
Advanced Biomedical Engineering. Vol. 6, 2017. block produced three MR image volumes under the same condition. Therefore, 24 volumes (4 runs × 2 blocks × 3 volumes) were acquired from each participant for each of the obstacle and non-obstacle conditions. A whole-body 1.5 T Signa EchoSpeed scanner (General Electric, Inc.) was used to acquire MR images with BOLD contrast in this experiment. Twenty parallel axial slices (thickness, 5 mm; gap, 2 mm) were acquired using echo planar imaging with a 7-s delay (64 × 64 matrix; eld-of-view, 24 × 24 cm; TR, 3 s; TE, 40 ms; ip angle, 90 ). T1-weighted images (corresponding to 20 axial slices; thickness, 5 mm; gap, 2 mm; 256 × 256 matrix;
eld-of-view, 24 × 24 cm; TR, 500 ms; TE, 14 ms) were acquired as an anatomical reference for the functional images. The experimental setup as well as the MRI acquisition/analysis methods described here were partially the same as those used in our previous study [8] .
Analysis
The functional data from each participant were corrected for head movement, and a mean realigned image was created for each participant using the Statistical Parametric Mapping toolbox (SPM8; Wellcome Department of Cognitive Neurology, London, UK). The mean image for each participant was then coregistered to the high resolution T1-weighted image. The data sets were spatially normalized into the standard space de ned by the Montreal Neurological Institute (MNI) template, and were spatially smoothed using an 8-mm isotropic Gaussian kernel to compensate for inter-individual anatomical variance. One participant was excluded from analysis due to a large amount of head motion (> 3 mm). All analyses described below were performed on the remaining participants.
For the general linear model approach, rst-level statistical analysis on each participant s time series data was used to model each condition independently by convolving with a nite impulse response function. Motion parameters of the head estimated from the realignment process were added to the design matrix. A highpass lter was used to remove low-frequency noise. Group effects were then assessed by treating participants as random effects using the individual contrast images. Statistical parametric maps were generated for each contrast of the t statistic on a voxel-by-voxel basis.
To identify relations between the participants lower limb behavior and brain activity, activation peaks in the locomotor-related areas were identi ed in the following analyses. First, we analyzed areas where the obstacle condition showed greater activation than the non-obstacle condition. Activation was found in the premotor cortex (Brodmann area 6/middle frontal gyrus: [26 −2 58] in MNI coordinates) in this contrast. Next, data of the two conditions were conjoined to localize the locomotor regions that showed activation in the primary motor cortex ( (2008), who reported locomotor regions in the brainstem [5] , and with reference to the anatomical maps by Nieuwenhuys et al. [12] . For the diencephalon, we used the MNI coordinates [6 −1 −12] for the diencephalon based on Baroncini et al [13] ; this location is in the hypothalamus. We extracted the time course of the MR signal within a spherical volume of 2 mm in radius centered on these coordinates one by one from each participant s data using the MarsBaR toolbox (http://marsbar. sourceforge.net/) in SPM8. Scanner drift was eliminated from the raw signal using rst-order approximation by MATLAB. To correct for the different baselines in each participant, the brain activity was evaluated as signal change from the signal recorded under resting condition in each participant s data. It was calculated as the percent change (%) from the level when the participant was at rest, for each region of interest (ROI) for each task period (the scan after the non-scanning period). If the correlation was evaluated based on averaged data of an individual participant, the uctuation of lower limb movement was canceled out. We then analyzed the correlation between the calculated percent signal change and the lower limb movement for each period (non-scanning period before the scan) extracted by the following step.
Video images captured during the experiment were displayed full-screen on a 24.1-inch monitor, and the movement of the markers was extracted at pixel level. The movement at pixel level was then converted to the actual length based on a comparison between the size of the video image and the actual size of the MRI system. The standard deviation of the horizontal movement of the markers was calculated for each task period (non-scanning period, 7s) and used as the degree of uctuation. The data for the left and right feet were averaged. Through analyses of the imaging and behavioral data, 48 sets of data related to uctuations of lower limbs and brain activities were acquired from each participant. As the participants showed large variability in lower limb behavior, statistical evaluation based on regression coef cients obtained from individual participants was dif cult. Thus, we pooled the data acquired from all the participants and used it in the subsequent correlation analysis.
Correlation analysis was then performed in relation to lower limb uctuation for the cortical motor areas of the primary motor cortex, premotor cortex, and SMA, as well as the cerebellum and subcortical areas of the mesencephalon and diencephalon. To adjust multiple comparisons according to Bonferroni correction, each calculated p value was multiplied by six, and then the significance was tested for each ROI.
Results
The non-obstacle condition caused 1.62 ± 1.22 (mean ± SD) cm of horizontal uctuation in the lower limb movement, and the obstacle condition caused 2.91 ± 1.91 cm of uctuation (Fig. 3) . The uctuation during obstacle condition was signi cantly larger than that during non-obstacle condition (p < .001).
Comparison of brain activity between the two conditions showed that the obstacle condition elicited stronger activation in wide brain areas including the precuneus and middle occipital gyrus in the parietal and occipital lobes compared to non-obstacle condition [ Fig. 4 (a) and Table 1 ]. The cingulate gyrus also showed signi cant activation. Among the cortical motor areas, the premotor cortex (middle frontal gyrus, BA6) was activated in this comparison. The non-obstacle condition induced greater activation only in the right insula ([36 12 10]) compared to obstacle condition, except for peaks detected on the ventricle, callosum and white matter. Figure 4 (b) shows the result of conjoined analysis to local-ize the locomotor regions. The precentral gyrus (primary motor cortex), the medial frontal gyrus (SMA) and the cerebellum (culmen), which possess motor control functions, showed signi cant activation. The thalamus, the globus pallidus, and the middle occipital gyrus also showed signi cant activation. Based on the regions found in these analyses, ROIs were de ned, and the signal changes from the levels measured at rest were calculated (see Methods section). The relations between the signal changes in the ROIs and the horizontal movement of the lower limb are shown in Fig. 5 . In all the cortical motor areas (primary motor cortex, premotor cortex, and SMA), signi cant positive correlation between signal change and horizontal movement of the lower limb was observed [primary motor cortex (r = .147, p < .001), premotor cortex (r = .291, p < .001), SMA (r = .189, p < .001)]. These results show that larger uctuations of the lower limb caused slightly stronger activation in the cortical regions. On the other hand, in the cerebellar and subcortical regions, although the diencephalon showed a signi cant correlation (r = .117, p < .05), the cerebellum (r = −.078, p = .220) and mesencephalon (r = .039, p = 1.76) did not show signi cant correlation. These results suggest relatively robust signi cant correlation of signal change with uctuation of lower limb movement in cortical motor areas.
Discussion
In the present study, the obstacle condition caused signi cantly greater activity than the non-obstacle condition in the parietal and occipital cortices. Generally, when a human being encounters obstacles while walking, precise visuomotor coordination is required for bipedal locomotion to modify the lower limb movement so as to avoid the obstacles [1, 14] . The bodily information needs to be accurately perceived to control the posture during movement. In addition, preliminarily perceived visual information about the obstacles is maintained until the obstacle is avoided. This process uses short-term memory to guide the legs, as the memory is recruited to retain the bodily information. The need for short-term memory during locomotion is particularly evident in quadrupedal animals, because visual information regarding an obstacle is not projected to the visual eld while the hindlimbs pass over the obstacle [1] . In these processes during locomotion, the posterior parietal cortex and vestibular cortex were shown to play crucial roles in integrating visual information and bodily in- 
formation in animal studies [15, 16] . The precuneus, which is located in the posterior parietal cortex, is known to be involved in human visuospatial information processing [17] . This region was strongly and symmetrically activated in the contrast between the obstacle and non-obstacle conditions in this study ([−20 −70 28] and [18 −64 32] ). The middle occipital gyrus in the occipital lobe is known to be involved in visual processing, and it showed signi cant activation in this study. Along with these areas related to visual and spatial processing, the posterior cingulate cortex was also seen to be signi cantly activated. This area is known to play an important role in the regulation of the focus of attention [18] , which is thought to be crucial to visuospatial processing as well. For these reasons, the areas that were signi cantly activated in the obstacle condition were considered to be related to cognitive processes involved in volitional control.
This study observed whether a relation exists between the activities in the cortical/subcortical locomotor regions and the volitional lower limb behavior experimentally induced by moving images depicting the avoidance of obstacles. The signi cant increase in horizontal uctuations in the obstacle condition (Fig. 3) was speculated to be caused by an increase in volitional control to avoid the obstacles. Therefore, we assumed that the positive correlation of brain activity with the amount of uctuation re ected the effect of volitional control. The results indicated that the cortical and subcortical regions may have different contributions.
The activities in the cortical motor areas (primary motor cortex, premotor cortex, and SMA) showed weak but signi cant correlation with horizontal uctuation, suggesting that the cortical motor areas are involved in volitional control. On the other hand, the cerebellum and mesencephalon did not show signi cant correlation but showed almost constant activation irrespective of uctuation of lower limb movement. These suggest that the cerebellar and mesencephalic locomotor regions may not be involved in volitional control, but may be rather involved in the automatic process of locomotion. However, the whole-brain analysis did not show signi cant activation in the mesencephalon, which might have affected the results of the correlation analysis in this area.
Finally, some possible limitations of this study should be acknowledged. First, owing to the large variability in lower limb behavior among the participants, we conducted the correlation analysis by pooling the uctuation and brain activity data acquired from all the participants (2.3 Analysis). This variability in behavior may be caused by the method of instructing participants to perform the experimental task. More elaborate experimental procedures should be explored. Second, in this experiment, the participants lay face up and performed tasks involving lower limb movement. This movement was not actual gait but was a model of gait movement, because real gait movement requires postural control with antigravity functions and is more complex. Recently, MR-compatible devices have been proposed to investigate the neural mechanism of locomotion [19] [20] [21] [22] . Among these devices, those proposed by Martinez et al. [19] and Toyomura et al. [22] are relatively close to simulating real locomotor movement. Further study using these systems is necessary to clarify the functions of the cortical and subcortical locomotor regions, as well as the differences between automatic process and volitional control of human locomotion.
Conclusion
Contributions of the cortical and subcortical locomotor regions to the automatic and volitional controls of locomotion were investigated using MRI. The results showed that the obstacle condition elicited larger uctuation of lower limb movement compared to the non-obstacle condition, and elicited brain activation over wider areas including the parietal and occipital lobes compared to the non-obstacle condition. Correlation analysis showed signi cant but weak correlation between activities in the cortical motor areas and uctuation of lower limb movement. The activities in the cerebellar and mesencephalic locomotor regions did not show significant correlation. These results suggest that the parietal, occipital cortices, and cortical motor areas are involved in volitional control, while the cerebellar and mesencephalic locomotor regions may not be involved.
